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ABSTRACT
A large-conductance calcium channel in chicken dorsal root ganglion neurons was studied with patchclamp recordings of unitary currents. In addition to the conventional pattern of Ca-channel gating previously described in neurons ("mode 1"), we observed a different form of gating behavior ("mode 2"). Unlike the brief (=1 ms) openings in mode 1, mode 2 openings tend to be longer (>10 ms) and often outlast the test pulse. In mode 2, the probability of channel openness (P) is high at relatively negative potentials where P in mode 1 is low. Mode 2 activity appears much less often than mode 1 activity in the absence of drug. However, the balance is strongly shifted in favor of mode 2 by the dihydropyridine Ca agonist Bay K 8644, an effect that underlies a marked enhancement of Ca-channel activity. This is the first evidence for dihydropyridine control of neuronal Cachannel function at the single-channel level. Sweeps showing mode 1 or mode 2 gating appeared interspersed with sweeps with no openings, during which the channel was unavailable for opening ("null mode" or "mode 0"). Two approaches showed that switching between all three modes occurred on a time scale of seconds: (i) channels tended to remain in the same mode from one sweep to the next, with pulses at 0.25 Hz; and (it) steady depolarizations in Bay K 8644 produced clusters of mode 2 openings lasting several seconds. Changes in the rates of switching might be important in neurochemical modulation of Ca channels. Bay K 8644 and other dihydropyridine Ca agonists might be useful experimental tools for manipulating transmitter release, neurite extension, and other neuronal functions dependent on intracellular Ca.
When Ca channels in neuronal membranes open in response to membrane depolarization, they allow Ca2+ entry and, thus, help to control diverse functions such as excitability, secretion, neurite extension, and selection of transmitter type (1) (2) (3) (4) . Ca channels are modulated by a wide variety of neurochemicals (2-4), but little is known about the mechanism of action.
Patch-clamp methods (5) have made it possible to study Ca currents at the level of individual channels. In recordings from single Ca channels in neurons (6, 7) , as in other cell types (2, 3, 8, 9) , openings of Ca channels appear as brief (=1 ms) pulses of inward current, often grouped in bursts lasting a few milliseconds. At relatively negative test potentials where unitary currents are large, the channel displays a low probability of openness.
We now describe a different pattern of gating in a largeconductance Ca channel in chicken dorsal root ganglion (DRG) neurons. We call this gating behavior "mode 2" to distinguish it from "mode 1," the more common gating behavior previously described (see ref. 10). In mode 2, channel openings tend to be long-lasting, channel closings tend to be brief, and the probability of channel openness tends to be relatively high. Mode 2 behavior appears spontaneously but infrequently under our experimental conditions. However, the percentage of sweeps containing mode 2 behavior can be increased by the Ca-channel agonist Bay K 8644. Although similar in structure to Ca antagonists like nifedipine, Bay K 8644 promotes Ca entry or Ca-dependent events in cardiac and smooth muscle (11) , adrenal chromaffin cells (12) , and neuroblastoma cells (13) . Promotion of mode 2 behavior represents a different modulatory mechanism for producing a rapid and large increase of Ca entry into neurons.
METHODS
DRGs were isolated from 8-to 12-day-old chicken embryos and were dissociated by incubation in 0.01% collagenase solution (for 30 min at 370C) and gentle trituration. Isolated cells were plated on collagen-coated coverslips and maintained in standard tissue culture conditions (see ref. 4) . Recordings were performed between 3 and 10 days after cell isolation. The external bath solution contained 160 mM NaCl, 5 mM KCl, 1 mM MgCl2, 10 mM glucose, 5 mM Hepes (pH 7.3) or 140 mM potassium aspartate, 10 mM EGTA (cesium salt), and 1 mM MgCl2 (pH 7.3). Single channel recordings were performed with the cell-attached patch-clamp method (5) . The recording pipette contained 110 mM BaCl2, 10 mM Hepes, and 200 nM tetrodotoxin (pH 7.3). Bay K 8644 was the gift of A. Scriabine (Miles Institute, New Haven, CT). The drug was removed by washing the bath extensively with Triton X-100 and water. All experiments were performed at room temperature (21°C).
Voltage pulses and current traces were simultaneously generated and sampled on-line with an PDP 11/23 computer. Stimulation frequency was 0.25 Hz. Current traces were filtered at 1 kHz (3 decibels down) with an 8-pole Bessel filter and were sampled at 5 kHz. A standard analysis program determined channel openings and closings (10) . For each sweep, the degree of channel openness (NT-P) was determined as NT-P = (I)/i, where i is the unitary current and (I) is the mean value of current. The total number of channels (NT) was defined as the maximum number of simultaneous openings.
All recordings refer to a large-conductance calcium channel defined by a 25-pS slope conductance. This type of channel ("L") is easily distinguished from other types of calcium channels with smaller unitary conductances and different kinetic properties (14) . RESULTS Different Modes of Gating Behavior. Fig. 1 . In this experiment, sweeps were assigned to category C (some mode 2 activity) if NT-P 2 0.13; the classification was almost identical if sweeps were assigned to category C when the longest open time in the sweep exceeded 7.5 ms. Cell N41G was used.
consistently long openings occurred rather regularly. When 11 such cell-attached patches with one or more largeconductance Ca channels were depolarized repetitively (4100-300 sweeps), each patch showed at least one sweep containing an unexpectedly large proportion of long channel openings. The different patches showed a wide range of behavior; in some cases, the long-opening type of activity was much more prominent than in Fig. 1. For example, Fig.  2 shows data from a three-channel patch where the longopening activity was seen in >10%o of the sweeps.
Although the long-opening pattern of Ca-channel gating has not been reported previously in neurons, very similar behavior already has been analyzed in single ventricular heart cells (10, 15, 16) . As in the cardiac work of Hess et al. (10) , we use the term "mode 2" to refer to the long-opening gating behavior, and "mode 1" to refer to the previously described gating behavior of brief openings that often appear grouped in bursts (6) (7) (8) (9) (10) 
Slow modulation of gating properties can be seen in both Figs. 1 and 2 in the form of clusters of consecutive sweeps showing similar forms of gating behavior. Fig. 1 illustrates the clustering of null sweeps. This can be expressed quantitatively in the form of a contingency table (Fig. 3A) that describes the chances that a null sweep will be followed by a null sweep or by some other type of sweep. The actual frequencies of occurrence are given above frequencies expected if there were no correlation between consecutive sweeps. The table can be collapsed into a 2 x 2 table that distinguishes nulls from all sweeps with detectable openings.
When analyzed with x2, the results show a clear deviation from random occurence (P < 0.0001).
Similar analysis of the clustering phenomena was carried out in multichannel patches (e.g., Fig. 2 ), as illustrated in Fig. 3B . Sweeps were divided into the following groups: A, sweeps showing no detectable openings; B, sweeps showing mode 1 activity but not mode 2; and C, sweeps containing at least some clearcut mode 2 openings (see Figs. 2 and 3) . Again, there is considerable deviation between the experimental values and those predicted for random occurrence. This analysis is representative of other recordings from multichannel patches. The tendency for like sweeps to follow each other can be attributed to a tendency of individual channels in the patch to remain in the same mode from one depolarization to the next. The implicit assumption is that channels do not exhibit a particular form of modal behavior in a tag-team fashion.
Promotion of Mode 2 Behavior by Bay K 8644. Slow switching between different modes of gating was seen in most dramatic form in the presence of the Ca agonist Bay K 8644. Fig. 4 shows groups of consecutive current records taken from a three-channel patch before (Fig. 4A) and after ( Fig. 4B ) application of the drug. Averaged current traces reconstructed from individual records (Fig. 4 C and D) demonstrate a strong enhancement.
The individual current traces show the basis for the increased activity after the addition of Bay K 8644: there is 1(2.14) (0.6) 1(0.0) a profound change in the proportion of those sweeps that contain mode 2 activity (Fig. 4B) and display a high probability of channel openness (Fig. 4E) , although the records still show a mixture of all types of modal behavior. Sweeps with no detectable openings or with only brief openings still appear, and the characteristics of channel gating within a given mode seem the same. Clustering of modal behavior persists in the presence of Bay K 8644, as can be seen by long periods of mode 0 and mode 2 activity. Up until recently, there has been almost no evidence for functional effects of dihydropyridines on neuronal Ca channels to go along with the extensive work on dihydropyridines binding to neuronal membranes (17) . Our results provide evidence for dihydropyridine modulation of a neuronal Ca channel at the single-channel level and, thus, complement recent measurements of Ca flux and release of neurotransmitters and hormones in a variety of neuronal and secretory cells (e.g., see refs. 12 and 13). The agonist produced pronounced increases in Ca channel activity in a large majority of our cell-attached recordings. Interestingly, the response to Bay K 8644 was weak and inconsistent in our Computer-generated representation of sojourns in "mode 0 or mode 1" (lower level) or "mode 2" (upper level). A transition into mode 2 was defined by P > 0.075 for at least one segment. A transition away from mode 2 was defined by two consecutive segments with P < 0.075. By these criteria, the current signal in A displayed three clusters, indicated by the horizontal lines. whole-cell recordings from DRG neurons, unlike the clear response of single ventricular heart cells (10). Possible interpretations are (i) that the internal dialysate was unfavorable for drug action on the neuronal channel or (ii) that a necessary intracellular consistuent was washed out from the relatively small neurons during whole-cell recording. Switching Between Gating Modes During Steady Depolarizations. In all of the results described so far, the pattern of Ca-channel gating was assessed with depolarizing pulses applied once every 4 s. To obtain uninterrupted information on gating behavior, we also looked at channel activity during steady depolarizations. The numbers below the trace in Fig. SB give the values for channel openness (NT-P), as determined by calculating the integrated Ca-channel activity over consecutive analysis segments 204.8 ms long. Such values were plotted against time (Fig. SC) to provide an overview of channel activity during the entire run. The values of NT-P tended to approach either unity or zero. This may be seen most clearly in the associated histogram (Fig. SD) .
The histogram of closed times (Fig. SG) is quite complex. There is a slow component (mean about 5 s) that corresponds to the intercluster intervals; there is also a large rapid component (Fig. SG Inset) fitted with a time constant of 9 ms that corresponds to the brief closings within a cluster.
A quantitative analysis of the clusters of openings is shown in Fig. SE . Upward pulses represent sojourns in mode 2. A transition to mode 2 was declared if the openness exceeded 0.075 for one analysis segment. A transition away from mode 2 was declared if two consecutive segments showed P < 0.075. For the purposes of this analysis, no distinction is made between mode 1 and mode 0; in fact, isolated mode 1 openings rarely appeared in the periods between the mode 2 clusters in this experiment (see Fig. SA) . Fig. 5H illustrates the distribution of cluster durations determined by this type of analysis. The mean cluster length was very long (5.3 s) with a broad range (<0.2-54 s). This result was not strongly dependent on the choice of parameters used to define the cluster. Very similar values of mean cluster length were obtained when the minimal length of an intercluster interval was varied between 205 and 614 ms.
The long mean open times, high degree of openness, and long periods of silence are reminiscent of the slow switching between modes 0 and 2 seen with Bay K 8644 during experiments with depolarizing pulses.
We also conducted recordings during continuous depolarization in the absence of Bay K 8644. As expected, clusters of mode 2 activity are rare, but within the clusters, the openings have potential; and (iii) clustering of modal behavior also was seen when the cell resting potential was effectively clamped to 0 mV with isotonic potassium (e.g., Fig. 5 ).
The characteristics of switching between modes were studied with repetitive depolarizations or steady depolarizations. In either case, sojourns in mode 2 appeared to last for several seconds. The mechanism of switching between modes is not known. Some possibilities are as follows: (i) slow intrinsic changes in the state of the channel molecule, (i) slow binding and unbinding of endogenous or exogenous ligands to the dihydropyridine receptor (17) 
